Introduction
Topography is one of the principal measurements required to quantitatively describe a planetary body. In addition, when combined with gravity, topography allows the distribution of subsurface density anomalies to be mapped, albeit nonuniquely, yielding information on not only the shape, but also the internal structure of a planet. Such information is fundamental to understanding planetary thermal history. The limited coverage and vertical accuracy of previous topographic measurements have limited the characterization of lunar shape The Clementine lidar is shown in Figure 1 , and its specifications are given in Table 1 . This laser transmitter, which was built by McDonnell-Douglas Space Systems Division in St. Louis, contained a neodynium-doped yttriumaluminum-garnet (Nd:YAG) source that produced lasing at a wavelength of 1.064 gm. The laser had a pulsewidth of <10 ns, a pulse energy of 171 mJ, and a beam divergence of <500 grad, which resulted in a surface spot size near the minimum spacecraft orbital altitude (periselene -400 km) of-200 m. The lidar receiver included an aluminum cassegrain telescope that was shared with the Clementine high resolution (HIRES) camera. Incident photons collected by the telescope were focused onto a silicon avalanche photodiode (SiAPD) focal plane array.
During its 2 months at the Moon, the Clementine spacecraft orbited within ranging distance for approximately one-half hour per 5-hour orbit, and the lidar collected data during most of this time. During the first month, with spacecraft periselene at latitude 30øS, topographic profiles were obtained in the latitude range 79øS to 22øN. In the second month of mapping, with spacecraft periselene at latitude 30øN, profiles were obtained in the latitude range 20øS to 81øN. The along- track shot spacing assuming a 100% laser ranging probability is -20 km, and this resolution was achieved over some smooth mare surfaces. However, as detailed later, in rough highland terrains where the instrument did not maintain "lock" with the surface, the spacing was more typically of the order of 100 km. The across-track resolution was governed by mission duration, i.e., the spacing of orbital tracks, and is approximately 60 km at the equator and less elsewhere.
Geodetic Conventions
The Clementine spacecraft and instruments utilized two coordinate systems: (1)a spacecraft-fixed XYZ coordinate system along whose axes the spacecraft inertial measurement units (IMU) were aligned to measure the spacecraft attitude and thus the inertial pointing of the science instruments; and (2) a science instrument-fixed xyz coordinate system used to define the mounting of each instrument with respect to the spacecraftfixed XYZ system, instrument pointing, and the observation geometry within each instrument. The Earth Mean Equator and Vernal Equinox 2000 (i.e., J2000) was used as the standard inertial reference system to describe the Clementine spacecraft trajectory, planetary body ephemerides, star positions, inertial orientations of planetary body-fixed coordinate systems, inertial spacecraft attitude, and inertial instrument pointing. A series of matrix transformations was used to relate the instrument-fixed coordinates to the inertial J2000
coordinates [Duxbury et al., 1994] . All calculations for topography were done in a mass-centered, selenocentric coordinate reference system, with longitude defined as positive eastward with the prime meridian defined as the mean sub-Earth longitude 'Davies et al., 1987] .
Orbit and Range Determination
In order to determine a global topographic data set from the Clementine lidar system it was necessary to compute precise spacecraft orbits, which were subtracted from the range profiles to yield relative surface elevations. We computed these orbits [Lemoine et al., 1995] with the Goddard Space Flight Center's GEODYN/SOLVE orbital analysis programs [Putney, 1977; McCarthy et al., 1994] , which are batch processing programs that numerically integrate the spacecraft Cartesian state and force model partial derivatives by utilizing a high-order predictor-corrector model. The force model for this study included spherical harmonic representations of the lunar and terrestrial gravity fields (a low-degree and -order model, only, for the latter), as well as point mass representations for the Sun and other planets. Estimates for solar radiation pressure, tidal parameters, planetary rotation, measurement and timing biases, and tracking station coordinates were obtained along with the orbits. Spacecraft jet firings to relieve attitude disturbance torques (aka momentum dumps) were accounted for by explicitly estimating them in the orbit determination process or by breaking orbital arcs at the times of the maneuvers.
To determine the range of the spacecraft to the lunar surface, we interpolated the spacecraft orbital trajectory to the time of the laser measurement, and corrected for the one-way light time to the surface. We then transformed the measured range from the spacecraft to the surface to a lunar radius in a center of mass reference frame. 
Sources of Radial Error
In Table 2 we list estimates of the sources of radial error for the Clementinc lidar system. Principal error sources include orbit, which we estimate at 3 times the radial position repeatability of 10 m, and the system error of the instrument, which comes from the least significant bit in the system oscillator (40 m). Errors in knowledge of the lunar geoid, which affect referencing of the topographic model, are estimated to be of the order of 10 m. The pointing errors from the spacecraft around the Moon were generally at the milliradian level [Regeon et al., 1994] , which after correction using the spacecraft quaternions translated to, at most, meterscale errors. (However, during several passes, the spacecraft was intentionally pointed off-nadir for imaging of specific targets. The lidar successfully ranged at angles of up to 6 ø offnadir, though in general, off-nadir angles of greater than 4 ø yielded ranges with unacceptably large errors and were discarded.) The roughness of the lunar surface is another significant error source. A roughness corresponding to a Since the error sources are statistically independent, we may estimate the total error from the root sum square of the contribution, and doing so yields a total radial error of approximately 100 m. A 30% contingency to account for additional unmodeled or mismodeled error sources yields a radial error of 130 m.
The Laser Ranging Process
The lidar measured the slant range of the spacecraft to the lunar surface at spacecraft altitudes of 640 km or less [Nozette et al., 1994] . The range was determined by the number of clock cycles between the laser start pulse and returned signal. After each laser shot, the lidar electronics triggered continuously on the arrival of photon pulses above a voltage threshold while the range counter incremented. Noise from the SiAPD detector or solar background radiation at the laser wavelength would often trigger the electronics before any photons from the laser shot would arrive. After detecting the reflected pulse, further noise triggers persisted. In order to record only "reasonable" lunar range counts, a range window, defined as a period of time during which a returned laser pulse was expected, was programmed to maximize the probability of valid returns via uploaded commanding. Illustrated in Figure 2 , the window setting was determined from orbital predictions, surface albedo (mare versus highland), Sun angle, and instrument gain; the settings were modified several times during each orbital pass by the instrument engineers and science team. The counts associated with the last trigger before the window; the first, second, third, and last trigger within the window; and the first trigger after the window were latched into registers 0-5. If fewer than four triggers occurred within the range window, the last count within the gate was identical to the previous trigger. Initial results suggested that later returns were increasingly likely to be due to noise, but depending on how soon the range window opened, any of the early returns could also be due to noise. The procedure that we implemented to distinguish between multiple triggers for a given transmitted pulse is discussed below. Laser ranging was performed on orbital passes 8 to 163 in the southern hemisphere and passes 165 to 332 in the north. Figure 3 compares the topographic coverage obtained by Clementine compared to that by the Apollo 15, 16, and 17 laser altimeters. Passes 8 through 19 were calibration passes, and the data were discarded due to poor quality. During the course of the mapping mission the lidar triggered on about 123,000 shots, corresponding to 19% of the transmitted laser pulses. Much of the time, the first trigger in the range window was a true echo, but often, particularly over rough terrain, there were multiple ("false") triggers due to noise that did not correlate with lunar features. The main sources of noise were the clock jitter, roughly normally distributed with -40 m sigma; side-lobe artifacts from the laser transmitter, which ate terrain-dependent and not well understood; detector noise, which is dependent on ambient conditions (especially temperature variations on the SiAPD detector), range and threshold settings, and link matgin; and s01at background radiation at the laser wavelength, imparted directly on to the detector and reflected from the lunar surface. In order to develop a digital topographic model of the Moon, it was necessary to develop a filter that, when applied to the data, returned at most a single valid range value for each bounce point. Since the detailed topography was largely unknown, it was necessary for this filter to be based on a priori knowledge of lunar surface properties. In the following section we describe a stochastic model for topography, its associated parameters, and a procedure that implemented this model as a filter.
Processing Lunar Topography Stochastic Description of Topography
One-dimensional (l-D)topographic profiles often obey a power law [Bell, 1975] for spectral power P, as a function of wave number k=-l/)t, of the form
where constants a and b ate the intercept and slope on a loglog plot. Topographic spectra are invariably "red," that is, fall off at high wave numbers, with b ranging from 1 to 3 [Sayles and Thomas, 1978 A related local scaling property of surfaces described by a function z(x) is that they ate statistically self-affine [Mandelbrot, 1982; Goff, 1990; Maliverno, 1991 The points shown are those remaining after filtering to remove spurious noise hits.
been described in terms of a fractional Brownian model, for which H ranges from 0.5 to 0.95 [Mandelbrot, 1975 [Mandelbrot, , 1982 . In such models, repeated random displacements generate a selfaffine, fractal surface. Thus the mesoscale lunar highland surface, being saturated by uncorrelated impact processes of random size and distribution, is roughly self-affine. To eliminate noise while maintaining "lock" on the planetary surface, the model is iteratively refined by successive reduction of the added tolerance by one half. The resulting models reject a greater proportion of noise returns. When no further returns are rejected, the results from the current orbital pass are added to the filtered data set, and we proceed to the next pass. The filtered data set grows with each succeeding pass, until nearly all of the southern hemisphere is filtered. The second month's mapping of the northern hemisphere overlaps in the region from 15øS to 15øN latitude, so that the constraints from the first month provide added stability to the filter near the equator. The computational burden of equations (5) and (6) grows as the cube of the number of observations, so it became necessary to limit the model for each orbital pass to passes within 5.6 ø of longitude. This was sufficient to include at least two of the adjacent orbits east or west of the pass, more in the region of overlap near the equator.
At intermediate scales on the
Given prior data, we adopted the values h = 8 km and found Table 5 . To first order, the shape of the Moon can be described as a sphere with maximum positive and negative deviations of-8 km, both occurring on the farside (240øE, Differences in lunar shape parameters derived from a comparison of Clementine and Apollo are mostly due to Apollo's coverage being limited to north and south latitudes 26 ø and below. The greatest differences are on the farside over a broad latitude band, much of which was not properly sampled by the Apollo laser instruments.
Fundamental Parameters of the Shape
The Clementine altimetry data have made possible improved estimates of the fundamental parameters of the Moon's shape, which are principally derived from the longwavelength field. To isolate the relevant parameters, we performed several least squares spherical harmonic expansions of the Clementine gridded altimetric radii sampled at a resolution of 2øx2 ø and examined the stability of solutions over a range of low degrees and orders. Mean, equatorial, and polar radii. Figure 10 shows solutions for mean, equatorial, and polar radii. Based on the average of nine low-degree solutions, we define the mean radius of the Moon to be 1,737,103 + 15 m. Table 7 lists values of the mean, equatorial, and polar radii for a range of low-degree spherical harmonic models. The small variation in the solutions for different degrees and orders suggests to us that these parameters are reasonably well determined from the Clementine data. However, the variations in the values across the different solutions have probably not captured any systematic error common to all the solutions. Based upon a ranging system that has an intrinsic accuracy of 44 m, we feel that some scaling of the errors of the lunar radii is required and that a 50% increase above the standard error to 15 m, 65 m, and 200 m for the mean, equatorial, and polar radii, respectively, is probably reasonable.
While Table 7 suggests that the mean equatorial radius is well determined, it should be interpreted with caution, as the lunar equator deviates significantly from circularity (cf. Figure  13) . The greater scatter in the polar radius solutions arises mostly because of the interpolation over the polar gaps. For this reason, we feel the results from the low-degree solutions (_< 6)are better because they are less sensitive to the gaps. Note that even with the attendant uncertainty in the solution that the polar radii are considerably smaller than the equatorial radii and strongly suggest an apparent flattening of about 2 km. We return to this point later.
Low-degree and -order spherical harmonic coefficients. Table 8 the same general direction. estimate comes from the even zonal terms of the spherical harmonic solution (Table 7) , which yields an apparent flattening of 2.17 + 0.12 km. This apparent topographic flattening is not to be confused with the hydrostatic flattening of approximately 6 m or the dynamical flattening of about 500 m, which are derived from the rotation and the gravitational potential.
It is essential to note that a major contribution to the Moon's deviation from sphericity comes from the farside equatorial highlands (cf. Plate 1), which are likely a consequence of large-scale melting and/or impact-related redistribution of crustal material . Consequently, there is a significant "geological" contribution to the topographic flattening. We thus refer to the observed flattening as "apparent" because the fundamental shape cannot a priori be ascribed to a "frozen-in" rotational or tidal bulge .
In (Table 7) .
? From spheroidal heights.
One of the puzzling characteristics of the Moon is that nearside basins are filled with mare lavas and farside basins tend to lack volcanic fill [Wilhelms, 1987] . The most obvious possibility is that mare basalt on the Moon may have risen to a hydrostatic level [Runcorn, 1974] The improved knowledge of topography provided by Clementine has implications for lunar structure and evolution. Models of internal structure that require both high-quality topography and gravity measurements will continue to be hampered, at least in the new term, by the lack of farside gravity observations, which require direct Doppler tracking of an orbiting spacecraft. However, both the topography and gravity (F.G. Lemoine et al., submitted paper) data sets are sufficiently improved from pre-Clementine versions to enable many global-and regional-scale problems to be addressed. Of particular value would be the isolation of effects of major impacts, heterogeneous crustal production, and orbital and tidal influence on the long-wavelength shape, in order to understand the contributions of these fundamental processes in the formative development of the Moon.
